long Purkinje fibers were perfused in oxygenated Tyrode's solution.
Abstract-Isolated
long Purkinje fibers were perfused in oxygenated Tyrode's solution.
The conduction velocity of action potentials driven from one end of a fiber at cycle lengths of 300 and 1000 msec was measured using silver wire surface electrodes.
Action potentials were recorded using glass microelectrodes. Tyrode's solutions of different potassium concentrations were used, and preparations were equilibrated for 10 min. Prior to acetylstrophanthidin, maximum conduction velocities reaching 2.3 m/sec were recorded at (K)0=6 mM. The conduction velocity was not directly proportional to maximum dV/dt or action potential amplitude at (K)0 between 2 and 6 mM; maximum dV/dt and action potential amplitude were greater although conduction velocity was decreased.
In this range of (K)0, mem brane excitability may be an important factor. Acetylstrophanthidin (10-7 and 5x10-8 g/ml for slowly and rapidly driven preparations, respectively) increased diastolic depolarization and slowed conduction at (K)0 less than 6 mM, but it did not increase automaticity or decrease conduction at (K)0 over 6 mM. The added effect of high potassium on digitalis-induced slowing of conduction, reported in whole animal experiments, was not observed.
It is well known that digitalis glycosides induce transient depolarization, a rate dependent automaticity, in atrial and ven tricular specialized tissues, and this abnormal automaticity should be one of the mechanisms of digitalis arrhythmias (1) (2) (3) . However, digitalis also produces conduction dis turbance that may also be responsible for production of arrhythmias (4) .
The present experiments were performed to investigate in more detail the effect of digitalis using rapidly acting acetylstro phanthidin on conduction in the Purkinje fiber using external surface electrodes. The surface electrodes were placed to remain at the same points in a fiber, so observations on conduction time were not only accurate, but also could be made for a fairly long time. As is well known, ventricular conduction is very much influenced by (K)0, and this is also true for the effects of digitalis, so conduction velocity was examined under a wide range of (K)0, and then the effects of acetylstro phanthidin on the relationship between con duction velocity and (K)0 were examined. Simultaneous microelectrode recordings were employed in order to correlate the change in conduction velocity with action potential characteristics.
Materials and Methods
Left ventricular false tendons were excised from dogs anesthetized with pentobarbital (30 mg/kg, i.v.) and were stored until use in oxygenated Tyrode's solution with 4 mM KCI at room temperature.
Long false tendons with nearly 1 cm of unbranched portion were pinned on a paraffin bed of a perfusion chamber of 3 ml volume. Modified Tyrode's solution equilibrated with 95% 02 and 5% C"2 was flowed through the chamber at a constant rate of 10 ml/min using a Harvard peristaltic pump. The composition of the solution in mM was: NaCI, 137; NaHCO3, 12; CaCl2, 2.5; NaHPO4, 0.9; MgSO4, 0.5; dextrose, 5.5, and KCI was added to make 0.5 to 10 mM. The temperature was kept at 36 to 37 °C and varied less than 0.5'C throughout the experiment. The pH of the solution was 7.2-7.4 at this temperature. The preparations were stimulated electrically at a constant cycle length (CL) of either 300 or 1000 msec through bipolar silver wire electrodes, which were placed near a cut end of a false tendon. Stimuli were rectangular pulses of 1 msec duration and of twice threshold voltage.
Conduction time was measured using two silver wire electrodes of 0.03 mm diameter placed on the surface of a false tendon. They were insulated except at the tip and placed 4 to 5 mm apart; the proximal electrode was at least 3 mm from the stimulus site. The surface electrograms were shown on an oscilloscope by using a Tektronix 3A3 differential amplifier. As shown in Fig. 1 , two biphasic deflections confirmed the arrival of excitation which could also be recorded by fast sweep transmembrane action potentials. The sharp surface electrograms were slightly retarded when a high potassium concen tration or acetylstrophanthidin was used, but were still enough to measure the time as shown in Fig. 1 . The distance between the two recording electrodes was measured by the scale of a dissecting microscope. These silver wires were flexible enough to follow the contraction of the false tendon even under inotropic effects of acetylstrophan thidin and stayed at the same places through out an experiment.
Transmembrane action potentials were recorded by glass microelectrodes filled with 3 M KCI. The resistances of the electrodes were 10 to 20 Mohm. Three to five sites about 1 mm apart longitudinally were impaled between the two wire electrodes. After at least 10 sec of stable recordings, both slow and fast sweep recordings were obtained using a Grass camera. The maximum rate of rise of the action potentials (max dV/dt) was recorded by using a differentiator. Zero level was checked before and after every impale ment. One glass microelectrode was used throughout an experiment.
Tyrode's solution of various concen trations of KCI was prepared in the reservoir and delivered to the perfusion chamber through the circuit, including a heat exchanger, of 7 ml volume. Acetylstrophan thidin was prepared in a stock solution of 10-4 g/ml, and then diluted in the Tyrode's solution to make a final concentration of 5x10-8 g/ml for rapidly driven experiments with the CL at 300 msec and 10-7 g/ml for slowly driven experiments at 1000 msec. Different concentrations of acetylstrophan thidin were used, because digitalis toxicity develops depending on the number of excitations during digitalis exposure. The false tendon was equilibrated with 4 mM (K)0 Tyrode's solution for at least an hour after it was transferred to the chamber.
In order to minimize variations of action potential characteristics of cells of the false tendon, 3 to 5 impalements by a micro electrode were made on the surface of the false tendon within 5 min, and then the 4 mM (K)0 Tyrode's solution was changed to 2 mM (K)o and recordings were made after 10 min of equilibration. Care was taken to record at sites as close as possible to the site of the first recording. The solution was then changed in the order of 1 mM (K)0, 0.5 mM, 4 mM, 6 mM and 8 mM and in some experi ments, to 10 mM (K)0. Then the solution was changed back to 4 mM (K)0, and the control recordings completed. The preparation was subjected to different solutions every 15 min with an equilibration time of 10 min and 5 min for recording.
After the series of control recordings of the changes in the transmembrane action potentials to (K)0, effects of acetylstrophan thidin were examined. After 1 hr exposure to 4 mM (K)0 Tyrode's solution with acetyl strophanthidin, recordings were started in the same manner as in the control period. However, this time, automaticity or depolari zation of the membrane occurred at 2 mM (K)0, thus conduction velocity could no longer be recorded, so (K)0 was increased to 4, 6,8and10mM.
Statistical comparison was done using Student's t-test for paired data.
Results Figure 1 shows slow and fast speed recordings for rapidly and slowly driven preparations.
The slow speed recordings show action potential configuration, maxi mal diastolic potential and diastolic depo larization. In rapidly driven preparations with the cycle length (CL) of 300 msec, the last phase of repolarization was slow and reached maximal diastolic potential when the fiber was stimulated.
This resulted in no difference between maximal diastolic po tential and take-off potential and therefore. no diastolic depolarization.
The fast speed recordings show con duction time, maximum rate of rise of the action potential (max dV/dt), take-off po tential and action potential amplitude. The surface electrogram showed two stable and clear deflections, and the conduction time was measured as the time difference between the two. After equilibration to a solution, the conduction time remained stable at the same values without change. Myerburg et al. (5) reported that there is dissociation of transverse and longitudinal spread of excitation in the false tendon which may distort conduction time measurement, but the placing of stimu lating and recording electrodes and the stimulus strength used in this study may be enough to eliminate the dissociation of excitation.
Membrane potentials recorded by multiple impalements showed very small variation except for max dV/dt values: less than 6 mV in the action potential amplitude and less than 5 mV in the take-off potentials. Also judging from the resting potential and the responses to (K)0 and acetylstrophanthidin, multiple impalements per se did not damage the preparation.
In the control period, all variables reached a new level within 3 to 5 min after changing (K)0, but took longer, i.e., 10 min, during exposure to acetylstrophanthidin. These parameters remained unchanged for a long time, over 2 hr in a control solution of 4 mM (K)0. Indeed, with the 2nd and 3rd exposures to 4 mM (K)0, transmembrane potentials and conduction velocity showed almost the same values as those from the first exposure. Addition of acetylstrophan thidin, 5X10-8 g/ml for rapidly driven experiments and 10-7 g/ml for slowly driven experiments, resulted in a steady level of toxication in 4 mM (K)0.
Conduction velocity: In both rapidly driven and slowly driven preparations with the CL at 300 msec and 1000 msec, respectively, conduction velocity reached its maximum value at 6 mM (K)0; i.e., 2.3 m/sec during the control period (Fig. 2) . Although con duction velocity values of 1.3 to 2.3 m/sec for (K)0 ranging from 1 to 10 mM are lower than values between 3.3 to 4.1 m/sec reported by Dominguez and Fozzard (6) , the response of conduction velocity to external potassium concentration was almost the same. That is, an increase in (K)0 from the normal range of 4 to 6 mM resulted in faster conduction velocity and further increase to 8 mM produced a slight decrease in con duction velocity and finally, 10 mM (K)0 caused a decrease in conduction velocity, nearly half of the values at 6 mM (K)0. A decrease of (K)0 from the normal values resulted in a gradual slowing of conduction until 1 mM (K)0. In 1 mM (K)0, the con duction velocity was 1.8 m/sec. However, a further decrease to 0.5 mM (K)0 depolarized the membrane of the rapidly driven pre paration, so inexcitability occurred.
In the slowly driven preparation, automaticity oc curred. During exposure to acetylstrophanthidin, conduction velocity showed its maximum value also at 6 mM (K)0, and the value of 2 m/sec was statistically the same as that observed under the control condition. In crease of (K)0 to 8 and 10 mM had the same effect on conduction velocity as that during the control period. However, in normal (K)0 or less, acetylstrophanthidin had a sig nificant depressing effect on conduction. At 4 mM (K)0, conduction velocity decreased significantly (P<0.05) only in slowly driven preparations, but at 2 mM (K)0, acetyl strophanthidin produced the same effects as 0.5 mM (K)0 during the control period on both slowly and rapidly driven preparations, resulting in depolarization and inexcitability.
Take-off potential: During the control period, take-off potential was changed by external potassium concentration as reported previously (7) (8) (9) . In potassium concen trations of 4 mM or more, the take-off potential in rapidly driven preparations and maximal diastolic potential in slowly driven preparations were very close, but slightly less than the theoretical potential derived from the Nernst equation (straight lines in Fig. 2) . In slowly driven preparations, diastolic de polarization was observed in (K)0 of less than 6 mM, so take-off potential deviated from the theoretical value more than that of rapidly driven preparations. In lower (K)0 deviation from the theoretical potential in creased, and as (K)0 decreased to 1 mM, the membrane was suddenly depolarized to nearly -80 mV. Further decrease in (K)0 to 0.5 mM resulted in a decrease in membrane potential to about -60 mV, and oscillatory changes occurred between 0 and -60 mV.
After exposure to acetylstrophanthidin, the membrane was depolarized significantly at (K)0 of 4 mM or less. Also during exposure to acetylstrophanthidin, the slope of diastolic depolarization was increased, especially in slowly driven preparations, so the take-off potential of slowly driven preparations de creased more markedly than that of rapidly driven preparations. In 2 mM (K)0, pre parations became inexcitable to stimulation during equilibration time and showed oscil latory potential. However at (K)0 of 6 mM or more, the membrane was not significantly depolarized and was very close to the theoretical potentials derived from the Nernst equation.
The response of the membrane to (K)0 of 4 and 6 mM at the control period and during acetylstrophanthidin were quite different. During the control period, the membrane was depolarized by increasing (K)0 from 4 to 6 mM; however, during exposure to acetyl strophanthidin, the membrane hyperpolarized. This is more markedly observed in the slowly driven preparation where the slope of the diastolic depolarization was also depressed by a higher (K)0.
Rate of rise of action potential: The maximum rate of rise of the cardiac action potential (max dV/dt) is a measure of the fast sodium inward current (10) and is regarded as an important parameter in determining conduction velocity (11. 12). The max dV/dt value was stable once a microelectrode was impaled; however, the value showed considerable variation during multiple impalements of a fiber even without changing the solution. However, if attempts were made to impale at sites as close as possible to those of the control multiple impalements, all the recorded action potentials responded in much the same way to the change in (K)0. Therefore, the max dV/dt values in Fig. 2 were obtained as the means of the total impalements at each (K)0.
During the control period, the average max dV/dt reached 500 V/sec in slowly driven preparations, and the take-off potential showed the maximal value at 2 mM (K)0. In the slowly driven preparation, the curve of max dV/dt against (K)0 is almost the same as that of the take-off potential or action potential amplitude, but the changes in max dV/dt at (K)0 of between 1 and 4 mM were not statistically significant compared with those of the take-off potential cr action potential amplitude.
In the rapidly driven preparation, max dV/dt reached its maximum value at 4 mM (K)0 and attained only about 400 V/sec. As compared to the max dV/dt of the slowly driven preparation, that of the rapidly driven preparation was smaller in (K)0 between 1 and 4 mM, being sig nificantly different only in 2 mM and 4 mM (P<0.05). Figure 3 shows the relationship between the take-off potential and max dV/dt. Almost all the points roughly fit the known S shaped curve (10), indicating that potassium does not directly affect the availability of the fast sodium current, but only indirectly by changing the membrane potential. However, the dispersion of the points is not all random. The open circles of the rapidly driven pre paration are slightly shifted in the hyper polarizing direction, and the maximal value is depressed. In the rapidly driven pre paration, reactivation of the sodium system may not be complete when the fiber is rapidly stimulated, and so the availability of the sodium system, max dV/dt, may have been depressed (13, 14) .
During exposure to acetylstrophanthidin, max dV/dt decreased at (K),, of 4 m M or less in slowly driven preparations, but acetyl strophanthidin had no effect on max dV/dt at higher (K)0. Thus max dV/dt reached its maximum value at (K)0 of 6 mM, at which take-off potential and action potential amplitude were also maximum. In rapidly driven preparations, decrease in dV/dt was observed in (K)0 of 6 mM and less. The decrease at (K)0 of 6 mM was significant (P<0.01) compared to the control value and also to that of the slowly driven preparation. In Fig. 3 , the filled circles and squares again almost fit in the same S-shaped curve. Dudel and Trautwein (15) and Kassebaum (16) have shown that the S-shaped relation shifted toward a hyperpolarizing direction using digitalis. The points taken in this figure are mainly at a higher (K)0 at which digitalis effect was inhibited, so as expected, the relationship between max dV/dt and take off potential did not shift. However, as in the control period, the filled circles of the rapidly driven preparation seem to be slightly shifted toward the hyperpolarizing direction. Action potential amplitude and overshoot: Figure 2 shows that the curves of the action potential amplitude against (K)o are similar to those of the take-off potential. This means that overshoot, (action potential amplitude) (take-off potential), stayed constant at about 30 mV at (K),) of between 1 to 6 m M i n the control period and 25 mV at (K)0 of 4 mM to 8 mM during exposure to acetylstrophan thidin. When the take-off potential was less than -80 mV in the control period, the overshoot decreased as reported earlier by Weidmann (7) .
Diastolic depolarization: In slowly driven preparations, there were at least 600 msec of diastolic period, and during this period, the Purkinje fiber showed slow depolarization. Figure 4 shows the relationship between the slope of diastolic depolarization and (K)0. As is well known (17) , diastolic depolarization increased as (K)0 was lowered. During the control period, slow diastolic depolarization was observed with (K)0 values of 4 mM or less.
During exposure to acetylstrophanthidin, diastolic depolarization was significantly in creased in 4 mM (K)0, and even at 6 mM, slight depolarization was observed. At this range of (K)0, the dose of acetylstrophan thidin used in this study produced stable transient depolarization (18, 19) when the stimulation was temporarily stopped. How ever, at the driving rate with the cycle length of 1000 msec, the summit of the transient depolarization appears at about 2000 msec. Thus, during continuous driving, transient depolarization cannot be distin guished from normal depolarization, and both depolarizations can reach threshold and induce ectopic beats. When (K)0 was lowered to 2 mM, diastolic depolarization increased, and then spontaneous activity faster than the driving rate occurred, and finally, the membrane was depolarized to about -60 mV and showed oscillatory changes. Increase of (K)0 depressed diastolic depolarization as reported previously (19) , but even in 6 mM (K)0, there was some diastolic depolarization produced by acetyl strophanthidin. 
Discussion
Conduction velocity: The results of the present experiments concerning the effect of (K)0 on the conduction velocity of action potential in mammalian cardiac Purkinje fiber are consistent with previous studies (6, 20) . The conduction velocity was increased by raising (K)0 from the normal range of 2 or 2.7 mM to 4 and 6 mM. This phenomenon must be a general one because it has been reported in atrial tissue, A-V node and His bundle of rabbit heart perfused with Tyrode's solution (21) and also in intraventricular con duction of intact canine heart (22).
The effect of acetylstrophanthidin on the conduction velocity of the Purkinje fiber depended very much on (K), I n the normal range of (K)0, conduction velocity was decreased, and at (K)0 2 mM, acetyistrophan thidin depolarized the membrane and caused inexcitability. This observation is consistent with other electrophysiological studies of digitalis which used a normal range of (K)0 or arterial blood from a donor animal and reported depressing effects of digitalis on the conduction velocity in Purkinje fibers (23, 24). Results obtained from the intact heart also show that digitalis decreased con duction velocity of the ventricle (25, 26).
So far, the experimental results obtained in isolated preparations perfused with Tyrode's solution coincided well with those in the intact heart. However, there are striking differences between them concerning the effect of high (K)0 on the conduction during digitalis administration. Observations of clinical digitalis intoxication and of experi mental intoxication in the whole animal showed that high potassium depresses the conduction during the administration of digitalis, while effectively suppressing the increased automaticity (27). In the present experiments, the effects of digitalis on automaticity and conduction were depressed in high (K)0 (6 mM or more). The dose of acetylstrophanthidin used in the present experiments produced a rather mild form of intoxication which results in transient depolarization in (K)0 of 4 mM, and the conduction velocity was decreased by about 20%. In whole animals at a similar degree of depression of intraventricular conduction by digitalis, elevation of serum potassium level from about 4 to 6 or 7 mM by intravenous injection of KCI rapidly worsened the con duction and often produced ventricular fibrillation (27).
In the Purkinje-muscle junction, the orthodromic, Purkinje to muscle, conduction was blocked easily by acetyl strophanthidin (28), and also other con duction blocks relating to transient depolari zation (4) may have produced a worsening of the conduction in the intact whole heart, resulting probably in the production of ventricular fibrillation.
Correlation between conduction velocity and action potential parameters:
From the local circuit theory, if action potential pro pagates in an uniform cable, conduction velocity may change directly proportional to the change of max dV/dt (11, 12) . How ever as shown in Fig. 5 , the relationship in the figure is not a simple linear one. Con duction velocity does not increase directly proportional to max dV/dt at more than 300 V/sec. Instead, conduction velocity increased as max dV/dt was decreased with the elevation of (K)0 from 4 to 6 mM in the rapidly driven preparation and with the elevation of (K)0 from 2 to 6 mM in the slowly driven preparations. Dominguez and Fozzard (6) analyzed cable properties of Purkinje fiber under different external potassium concentrations to explain the change in conduction velocity. However they did not find changes in specific resistance of the myoplasm, capacitance of membrane surface, threshold voltage that could explain the increase in conduction velocity when raising (K)0 from 2.7 to 4 mM. Also the changes in the specific membrane resistance which increase space constant and con duction velocity where not consistent with the observed changes in the conduction velocity. Thus, it was concluded that the increase in the conduction velocity was due to the smaller difference between threshold potential and membrane potential. stimuli were applied at various membrane potentials, conduction velocity was faster when the fiber was stimulated at relatively low potentials.
The relationship between take-off potential and conduction velocity obtained from our study (Fig. 6 ) reconfirmed those papers (6, 20) 
